Wben irradJated at 360 nm, furocoumarins wfth a hydroperoxide group in a side chain ef6ciently give rise to a type of DNA darnage that can best be explained by a pbot. induced generation of hydroxyl radleals from the excited pbotosensitizers. The observed DNA darnage profiles, i.e. the ratios of single-strand breaks, sites of base loss (AP sites) and base modifications sensitive to fonnamidopyrlmidine-DNA glycosylase (FPG protein) and endonuclease m, are similar to the DNA darnage protile produced by hydroxyl radicals generated by lonizing radiation or by xantbine and xanthine oxidase in the presence of Fe(III)-EDTA. No such darnage is observed with the correspond.ing furocoumarin alcohols or in the absence of near-UV radiation. The darnage caused by the photo-excited bydroperoxides is not influenced by superoxide dismutase (SOD) or catalase or by DzO as solvent. Tbe presence of t-butanol, however, reduces both the formation of single-strand breaks and of base modifications sensitive to FPG protein. Tbe cytotoxicity caused by one of the hydroperoxides in L5178Y mome Iymphoma ceJis is found to be dependent on the near-UV Irradiation and to be much higher than that of tbe corresponding alcohol. Tberefore the new type of phot.induced darnage occurs inside cells. lntercalating photosensitizers with an attached hydroperoxide group might represent a novel and versatile class of DNA damaging agents, e.g. for phototherapy. lntroduction Upon excitation by visible light or near-UV radiation many photosensitizers induce oxidative DNA damage, eitb.er indirectly via singlet oxygen (type II reaction) or directly via hydrogen abstraction or electron transfer (type I) reaction with DNA (1-6).
Wben irradJated at 360 nm, furocoumarins wfth a hydroperoxide group in a side chain ef6ciently give rise to a type of DNA darnage that can best be explained by a pbot. induced generation of hydroxyl radleals from the excited pbotosensitizers. The observed DNA darnage profiles, i.e. the ratios of single-strand breaks, sites of base loss (AP sites) and base modifications sensitive to fonnamidopyrlmidine-DNA glycosylase (FPG protein) and endonuclease m, are similar to the DNA darnage protile produced by hydroxyl radicals generated by lonizing radiation or by xantbine and xanthine oxidase in the presence of Fe(III)-EDTA. No such darnage is observed with the correspond.ing furocoumarin alcohols or in the absence of near-UV radiation. The darnage caused by the photo-excited bydroperoxides is not influenced by superoxide dismutase (SOD) or catalase or by DzO as solvent. Tbe presence of t-butanol, however, reduces both the formation of single-strand breaks and of base modifications sensitive to FPG protein. Tbe cytotoxicity caused by one of the hydroperoxides in L5178Y mome Iymphoma ceJis is found to be dependent on the near-UV Irradiation and to be much higher than that of tbe corresponding alcohol. Tberefore the new type of phot.induced darnage occurs inside cells. lntercalating photosensitizers with an attached hydroperoxide group might represent a novel and versatile class of DNA damaging agents, e.g. for phototherapy. lntroduction Upon excitation by visible light or near-UV radiation many photosensitizers induce oxidative DNA damage, eitb.er indirectly via singlet oxygen (type II reaction) or directly via hydrogen abstraction or electron transfer (type I) reaction with DNA (1-6).
The spectrum ofDNA modifications generated by these reactions is very different from that induced by hydroxyl radicals. Wbile hydroxyl radicals (e.g. generated by ionizing radiation or by Superoxide in the presence of Fe(lß)-EDT A) induce approximately equal amounts of base modifications (7), singlestrand breaks and sites ofbase loss (AP sites), both singlet oxygen and several photosensitizers in the presence of light generate predominantly base modifications (8) (9) (10) . Some (or all) of the base modifications are recognized by the repair endonuclease fonnamidopyrimidine-DNA glycosylase (FPG protein) (8) (9) (10) .
At least some of these FPG-sensitive base modifications have been identified as 8-hydroxyguani.ne (7. ~y~8-oxoguanine) (11, 12) . Photo-activated furocoumarins, in contrast to rnany other photosensitizers, generally induce relatively little oxidative DNA © Oxford University Press damage; rather covalent DNA adducts are characteristic and wellstudied modifications (13 -15) .
Recently, phthalimide hydroperoxides have been shown to generate hydroxyl radicals upon excitation by near-UV irradiation (16, 17) . Mechanistically the reaction most probably involves a homolysis of the perox.ide bond, following either an intramolecular energy transfer or an intramolecular hydrogen abstraction by the excited chromophore (16, 17 with furocournarins lb and 4b, in which the hydroperoxide group is replaced by a hydroxyl group, even at high concentrations ( Figure 2 , Table ll ). All furocoumarin hydroperoxides tested induced both singlestrand breaks and AP sites (detected by exonuclease lli) ( Figure 2 , Table ll (26) (27) (28) . The only base modifications known at present to be recognized by FPG protein are imidazole ring-opened purines (formamidopyrimidines) and 8-hydroxyguanine (7 ,8-dihydro-8-<>xoguanine) (12) . The number of double-strand breaks induced by the photoactivated furocownarin hydroperoxides in PM2 DNA is very low and might arise from independently generated, closely opposed single-strand breaks (Table ll) .
Results

Photo-activated furocoWTILlrin hydroperoxides, but
At equimolar concentration the most active furocoumarin 1 a produces 20 to 80-fold more DNA modifications than does furocoumarin 4a ( Figure 3 the relative an10unts of the various types of modifications induced by photo-activated furocoumarin hydropero.xides are depicted in the form of DNA darnage profiles.
For comparison, DNA darnage proflles are shown which were observed after treatment ofPM2 DNA with: (a) singlet oxygen, Base modifications 8-Hydroxyguanine, formamidopyrimidines S, 6-Dihydropyrimidine derivatives Cyclobutane pyrimidine photodimers generated by thermal decomposition of the endoperoxide ND~ (30)~ (b) hydroxyl radicals, generated by xanthine and xanthine oxidase in the presence of Fe(lli)-EDTA; and (c) hydroxyl radicals, generated by ionizing radiation. These latter darnage profiles have been descnbed previously (8) (9) (10) .
The darnage profiles ( Figure 3 ) indicate that tbe ratios of the various types of modifications induced by furocoumarins Ia and 2a are similar to the darnage induced by hydroxyl radicals, generared either by xanthine plus xanthine oxidase in the presence of Fe(lll)-EDT A (Fenton reaction) or by ionizing radiation. Tbe darnage profiles produced by Ja and, even more so, by 4a differ in a higher relative yield of FPG-sensitive base modifications compared to single-strand breaks and therefore are more closely related to darnage profiles induced by singlet oxygen (Figure 3) , which is also characteristic for many photosensitizers absorbing visible light (9) .
Singlet oxygen, superoxide and hydrogen peroxide are not involved in the DNA damage by photo-activated furocoumarin hydroperaxides
To test for a possible role of superoxide, hydrogen peroxide or singlet oxygen in the generation of FPG-sensitive base modifications and single-strand breaks by photo-activated furocownarins 3a and 4a the near-UV irradiation was carried out in the presence of SOD or catalase or the H 2 0 in the buffer was replaced by ~0. For comparison, the effects of these moditiers on the DNA darnage by ND~ (generation of singlet oxygen) and ionizing radiation (generation of hydroxyl radicals) were tested in parallel.
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• c:
The results (fable ßi) indicate that neither SOD nor catalase bave a significant effect on the darnage produced by the four agents. Therefore superoxide and hydrogen permüde (and a subsequent Fenton reaction of these species) arenot inolved in the darnage fonnation. The fonnation of FPG-sensitive base modifications by chemically generated singlet oxygen (decomposition of NDPOV is increased approximately 10-fold in 0 2 0 (Table lll) , in accordance with the 10-fold Ionger lifetime of singlet oxygen in this solvent (31 ,32) . In contrast, the solvent change has no effect on the fonnation of single-strand breaks and FPG-sensitive base modifications by ionizing radiation or by the photo-activated furocoumarin hydroperoxides (fable lll).
1he DNA darnage by photo-activaud .furocoumarin hydroperoxides is reduced in the presenct of t-butanol t-Butanol is an efficient scavenger of hydroxyl radicals. The effect of various t -butanol concentrations on the formation of singlestrand breaks and FPG-sensitive base modifications by the photoactivated furocoumarin hydroperoxides Ia and 4a and by ionizing radiation is shown in Figure 4 .
The yields of single-strand breaks and of modificatioos sensitive to FPG protein are both reduced in the presence of t-butanol, both in the case of the photo-activated hydroperoxides and ionizing radiation, however, the inhibition in the case of the hydroperoxides is less pronounced. Moreover, in the darnage produced by hydroperoxide 4a the FPG-sensitive modifications are less affected than the single-strand breaks. t-Butanol does not inhibit the fonnation of base modifications by ND~ (24). COata are means of two or three irxlependent experimems (±SO). 1he cytotoxicity of furocoumarin hydroperoxide 1 a depends on the hydroperoxide group L5l78Y mouse lymphoma cells were exposed to furocoumarins la and lb with and without near-UV irradiation (360 nm). After removal of the photosensitizer the proliferation of tbe treated cells in full medium was observed.
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• The results shown in Figure 5 indicate that hydroperoxide la at concentrations of 20 and 30 ~ gives rise to a dose-<lependent reduction in the number of proliferating cells upon near-UV irradiation. No cytotoxicity is observed under the same conditions in the absence of near-UV. In contrast, the corresponding alcohol lb is non-toxic, even at 50 ~. with and without near-UV irradiarion. The cytotoxicity of la therefore requires both photoexcitation of the furocournarin chromophore and the presence of the hydroperoxide moiety.
Discussion
The results presented above indicate that the DNA--damaging properties of photo-excited furocoumarins are strongly influenced by a hydroperoxide group in a side chain of the aromatic ring system. Upon near-UV irradiation the furocoumarin hyclroperoxides give rise very efficiently to DNA strand breaks, AP sites and oxidative base modifications sensitive to endonuclease m and FPG protein, while only very low Ievels of these modifications are generated by derivatives which lack the hydroperoxide moiety. The following kinds of evidence indicate that the darnage produced by the hydroperoxides is cau.sed by a photo-induced generation of hydroxyl radicals. (i) The darnage profiles, i.e. the ratios ofthe various types of DNA modifications generated, are similar to the darnage profiles induced by agents that generate hydroxyl radicals, but are very different from the darnage proflle induced by singlet oxygen (Figure 3 ). The latter type of darnage profile has been observed with several photosensitizers which absorb visible light, e.g. riboflavin, acridine orange and methylene blue, which modify DNA eilher via singlet oxygen (type II reaction) or by direct electron transfer or hydrogen abstraction (type I reaction) (6, 9) .
(ii) Singlet oxygen, hydrogen peroxide and superoxide are not involved in the darnage fonnation, since the number of modifications is not influenced by 0 2 0 as solvent, catalase or SOD ( Table Ill) . (iii) The formation of both strand breaks and FPG-sensitive modifications (8-hydroxyguanine, fonnamidopyrimidines, AP sites) is efficiently inhibited by t-butanol, a known scavenger of hydroxyl radicals ( Figure 4 ). (iv) Near-UV radiation is necessary for the ONA darnage formation. Mech.anistically the generation ofhydroxyl radicals from photoexcited furocoumarin hydroperoxides might involve an intrarnolecular triplet-triplet energy transfer from the excited furocoumarin chromophore to the permtide moiety, followed by homolytic scission ofthe peroxide (equation 2, path a). This type of mechanism has also been proposed to explain some of the products generated from photo-excited phthalimide hydroperoxides ( 16, 17 In the case of furocoumarin hydroperoxide 4a , which has the lowest DNA-damaging potential of the four hydroperoxides tested, it is likely that hydroxyl rad.icals are not responsible for all of the FPG-sensitive base modifications, since these are less affected by the presence of t-butanol than are the single-strand breaks (Figure 4) . Moreover, the relative number of FPGsensitive modifications is -3-fold higher than in the type of darnage ascnbed to hydroxyl radicals ( Figure 3 ). 8oth findings can be explained by the assumption that in the case of furocoumarin 4a -60% of the FPG-sensitive modifications are generated via a direct electron transfer or hydrogen abstraction (type I) reaction with DNA, which is not affected by t-butanol and yields only few strand breaks and AP sites. The formation of FPG-sensitive modifications (8-hydroxyguanine) by type I reactions has been demonstrated recently (35) (36) (37) . The small extent of DNA darnage caused by the corresponding alcohol4b then indicates that the hydroperoxide moiety is also important for this damaging mechanism. Presumably the hydroperoxide moiety facilitates the oxidation of the intennediate guanine radical cation generated in the type I reaction (equation 3). A similar mechanism has been suggested previously for the fonnation of FPG-sensitive base modifications by 1,2-dioxetanes (35). Base modifications sensitive to FPG protein at a Ievel comparable to that of covalent adduct fonnation have recently been observed after exposure of DNA to 3-carbethoxypsoralen plus near-UV radiation (38) , in confirmation of earlier reports Furocoumarin-UV 360 -induced DNA darnage on the oxidative darnage produced by this furocoumarin (39) . Similar modifications were not observed with 8-methoxypsoralen or 5-methoxypsoralen (37) . In contrast to the hydroxyl radicalmediated darnage described here, the oxidative DNA darnage produced by 3-carbethoxypsoralen is most probably generared via singlet oxygen andlor direct electron transfer (type I reaction), since both the number of strand breaks and the number of AP sites is relatively low and the darnage is i.ncreased in ~0 as solvent (38) . The absolute number of FPG-sensitive modifica.tions generated by furocoumarin hydroperoxide la per unit UV dose and unit concentrarion is approximately two orders of magnitude higher than that generated by 3-carbethoxypsoralen. This fact probably refiects the much higher oxidative reactivity of hyd.roxyl radicals than of singlet oxygen, in addition to possible differences in the quantum yields of hydroxyl radical and singlet oxygen fonnation.
The observation that the DNA darnage induced by the photoexcited furocoumarin hydroperoxides is less efficiently inhibited by t-butanol than isthat induced by ionizing radiation (Figure 4) indicates that in the former case the generation of hydroxyl radicals takes place directly at the DNA (from furocoumarin molecules covalentJy or non-covalently bound to the DNA), so that a reaction of the hydroxyl radicals with DNA is favoured compared to that with t -butanol. Further studies will demoostrate whether such a target-directed formation of hydroxyl radicals indeed takes place and gives rise to sequence-specific DNA damage. Preliminary experiments indicate that both furocoumarins 1 and 4 form covalent adducts upon near-UV irradiation (data not shown).
The observation that hydroperoxide la is much more pbototoxic to mammalian cells than the corresponding alcohollb ( Figure 5) gives evidence that hydroxyl radical fonnation is relevant under cellular conditions. Interestingly, in the case of furocoumarin 4, however, the hydroperoxide 4a and the corresponding alcohol The results suggest that it could be rewarding to develop intercalating photosensitizers with an attached hydroperoxide group as a novel and versatile dass of DNA-damaging agents, e.g. for phototherapy.
